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A new concept for constructing compact autonomous pulsed power systems is presented. This
concept utilizes a high-voltage explosive-driven shock-wave ferromagnetic generator 共FMG兲 as a
charging source for capacitive energy storage. It has been experimentally demonstrated that
miniature FMGs 共22– 25 cm3 in size and 84– 95 g in mass兲 developed for these experiments can be
successfully used to charge capacitor banks. The FMGs, containing Nd2Fe14B energy-carrying
elements, provided pulsed powers of 35– 45 kW in times ranging from 10 to 15 s. A methodology
was developed for digital simulation of the operation of the transverse FMG. Experimental results
that were obtained are in a good agreement with the results of digital simulations. © 2006 American
Institute of Physics. 关DOI: 10.1063/1.2205157兴

A variety of pulsed power devices based on capacitive
energy storage are widely used in modern technology. In
traditional Arkadiev-Marx-type generators electrical energy
is provided to a capacitive energy storage “bank” from highvoltage power sources powered from a conventional
110/ 220 V – 50/ 60 Hz supply line.1 Certain special applications, however, require that the pulsed power system be autonomous. Another necessary condition is compactness of
the system as a whole. Autonomous Arkadiev-Marx-type
generators utilize electrochemical cells as primary power
sources.2 The cells are not small, and such devices require a
high-voltage converter to produce high voltage for charging
a capacitor bank.
Explosive-driven electrical generators are the most efficient autonomous pulsed power devices available today.3
Currently, several new types of autonomous compact
explosive-driven primary power sources are under
development.4–8 In this article, we propose a new concept of
explosive-driven autonomous pulsed power systems. This
concept utilizes a high-voltage shock-wave ferromagnetic
generator 共FMG兲 as a charging source for capacitive energy
storage.
An advantage of a shock-wave FMG in comparison with
explosive-driven primary sources of other types is the lack of
direct electrical connection between the ferromagnetic
energy-carrying element and pulse-generating system of the
device. The ferromagnet is electrically insulated from the
pulse-generating system and there is a transformer-type coupling only between the ferromagnet and pulse-generating
a兲
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coil. Therefore, the pulse-generating coil of the FMG is not
subjected to explosive shock during the demagnetization
time; it does not change its electrical parameters during operation.
One of the problems associated with the operation of
explosive-driven electrical generators is the destructive action of the explosive charge on the pulse-generating system
of the device and its related electronic circuit.3 The lifetime
of transverse shock-wave ultracompact high-voltage FMGs
based on our previous designs did not exceed 12 s.7 Our
main objective in designing a miniature high-voltage FMG
for charging a capacitor bank was to develop a pulsed power
system that operates reliably, i.e., to decrease the effect of the
explosive charge on the system, to improve its high-voltage
insulation, and to extend its lifetime up to 50 s.
The developed design of an FMG is shown in Fig. 1. We
introduced a pulse-generating coil holder that protects the
pulsed power circuit of the generator against the mechanical
action of the explosive charge for a few tens of microseconds. In addition, it provides electrical insulation between
the pulse-generating coils and the magnets 共which are connected to the electrical ground potential via detonator wires兲.
However, introduction of the cylindrical insulator into the
system lowers the efficiency of the pulse-generating system.
Increasing the distance between the ferromagnet and the
pulse-generating coil reduces the magnetic flux captured by
each pulse-generating turn and results in the production of a
lower electromotive force. In a series of explosive experiments, we determined that the optimum thickness of the insulator is 1.5 mm. A further increase in the thickness does
not improve reliability of the system but does decrease the
efficiency of the FMG. We tried two different materials
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FIG. 1. Schematic diagram of a high-voltage transverse FMG.

共Lexan® and ultra-high-molecular-weight polyethylene兲 for
cylindrical coil holder. Both materials worked well. We also
introduced a 0.75 mm air gap between the ferromagnetic
energy-carrying element and the insulator 共Fig. 1兲 to reduce
shock-wave propagation to the plastic insulator.
All generators contained Nd2Fe14B 共grade 35兲 energycarrying elements of outer diameter OD= 22.2 mm, inside
diameter ID= 9.0 mm, and length h = 25.4 mm. Magnetic parameters of the Nd2Fe14B are residual flux density Br
= 1.23 T, coercive force Hc = 8.99⫻ 105 A / m, and maximum
energy product BHmax = 0.279 J / cm3. Information about the
experimental setup that we used in our explosive experiments is in Refs. 4 and 5.
The basis for the production of high voltage at the output
terminals of FMG is Faraday’s law that is related to the decrease in the initial magnetic flux in the ferromagnetic
energy-carrying element due to shock-wave action. For a
multiturn coil, the generated electromotive force 共EMF兲 is
the sum of the EMFs produced by all the turns,
Emultiturn共t兲 = 兺 关− d⌽n共t兲/dt兴,

共1兲

N

where dt is the time in which the magnetic flux changes in
the turn, d⌽n共t兲 is the magnetic flux captured by the nth turn
of the multiturn coil, and N is the number of turns in the coil.
The typical EMF wave form produced by an FMG is
shown in Fig. 2共a兲. The generator contained a 231-turn coil
共AWG28 magnet wire of diameter 0.35 mm兲 with an inner
diameter of 27 mm and an outer diameter of 33 mm. Overall
length and diameter of the generators were 2.6 and 3.4 cm,
respectively 共23.6 cm3 volume兲. The average total weight of
the devices was 92 g. The serial resistance and serial inductance of the FMG at 100 kHz were RS 共100 kHz兲 = 19.4 ⍀
and LS 共100 KHz兲 = 1.82 mH, respectively. The generator ex-

FIG. 2. Wave form of the EMF pulse 共black兲 produced by an FMG containing a 231-turn pulse-generating coil and the corresponding time history of
the change of magnetic flux ⌬⌽共t兲 共gray兲 共a兲. EMF peak amplitude and peak
specific EMF vs the number of turns of the pulse-generating coil 共b兲.

plosive charge was 0.6 g of C-4 high explosives and the
charge was initiated by a single RISI RP-501 detonator.
The peak amplitude of the EMF pulse is Emultiturn共t兲max
= 7.45 kV, with a full width at half maximum 共FWHM兲 of
5.8 s and a rise time  = 2.6 s. There are no breaks or
distortions in the EMF pulse wave form. After the main
pulse, there is a long tail with amplitude of about 300 V. The
EMF specific peak was Emultiturn共t兲max spec = 32.2 V/turn. The
specific EMF peak averaged from seven experiments was
Emultiturn共t兲max spec = 31.1± 1.4 V/turn.
Figure 2共a兲 also shows the time history in the FMG of
the magnetic flux change ⌬⌽共t兲, which was obtained by integrating the experimental wave form of the output voltage
pulse,
⌬⌽共t兲 = −

冕

t

Emultiturn共t兲dt.

共2兲

0

The final magnetic flux change was ⌬⌽共⬁兲 = ⌬⌽fin
= 58 m Wb 共Fig. 2兲, and the specific magnetic flux change in
this experiment was ⌬⌽fin spec = 251 Wb/turn. The value of
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FIG. 3. Equivalent circuit diagram of the FMG employed in the simulation.

the specific magnetic flux change in the FMGs obtained in
seven experiments was ⌬⌽fin spec = 231± 20 Wb/turn.
Earlier,5–8 we developed a methodology for calculation
of the initial magnetic flux ⌽0 of Nd2Fe14B energy-carrying
elements. The calculated value of the initial magnetic flux in
the cross section of the pulse-generating coil is ⌽0
= 269 Wb. Comparing the experimentally obtained specific
magnetic flux change in the FMG, ⌬⌽fin spec, to the initial
value of the magnetic flux, ⌽0, we concluded that more than
85% of initial magnetic flux stored in the Nd2Fe14B hard
ferromagnet was transformed into the high-voltage pulse.
We performed several series of experiments with FMGs
containing different numbers of turns in the pulse-generating
coil. The EMF pulse wave forms were very reproducible;
Fig. 2共b兲 shows EMF peak amplitude and peak specific EMF
versus the number of turns in the pulse-generating coil. It
follows from our experimental results that the EMF peak
amplitude is directly proportional to the number of turns. The
FMG containing a 727-turn coil is capable of producing a
21.9 kV pulse.
In this work, we have developed a methodology for
simulating the operation of high-voltage FMGs used as primary power sources for charging capacitive energy storage
devices. The calculation was based on using PSPICE code.9
The equivalent circuit diagram of the FMG employed in
these simulations is shown in Fig. 3. It contains the pulsed
electromotive force, the inductance LG and the resistance RG
of the FMG, the inductance LL, the resistance RL, and the
capacitance of the capacitor bank, CL, connected in series.
The capacitance of the pulse-generating coil was so low as to
be negligible. The circuit also contains the probes that measure the current I共t兲 in the system and the voltage across the
capacitor, U共t兲 共I probe and U probe, respectively兲. We digitized the normalized electromotive force and introduced it
into the “Source” section of the code.
Figure 4共a兲 shows an example of the simulation results.
It is the calculated wave form of the high voltage across a
capacitor bank of capacitance CL = 18 nF produced by an
FMG containing a pulse-generating coil with N = 231 turns.
The LG共100 KHz兲 = 1.82 mH and the RG共100 KHz兲 = 19.4 ⍀.
The amplitude of the calculated high-voltage pulse is 6.6 kV,
and the high-voltage pulse rise time is 16 s. The calculated
current amplitude ranges from 10 to 14 A.
In our experiments we used 1.8 nF ceramic capacitors,
each with a nominal voltage of 6 kV. These capacitors are
the same that we intend to use in completely expendable
systems.10 We combined the capacitors into capacitor modules, with each capacitor module containing five ceramic ca-

FIG. 4. Wave form of the output voltage pulse produced by the FMG connected to an 18 nF capacitor bank. The pulse-generating coil of the FMG
contained 252 turns. 共a兲 Calculated output high-voltage wave form, U共t兲; 共b兲
experimental output high-voltage wave form, U共t兲; and 共c兲 experimental
output waveforms of current I共t兲 共light gray兲, voltage U共t兲 共dark gray兲, and
power P共t兲 共black兲.

pacitors connected in parallel. Each capacitor bank, placed in
the measuring box, contained a certain number of capacitor
modules, enough to create the desired capacitance and nominal voltage of the complete bank.
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The wave form of the high voltage pulse produced by an
FMG containing a 252-turn pulse-generating coil across an
18 nF capacitor bank is shown in Fig. 4共b兲. The amplitude of
the voltage pulse was U共t兲max = 6.5 kV and its rise time was
 = 15.2 s. There is very good agreement between the results obtained by the digital simulations and the experimental
data 关Figs. 4共a兲 and 4共b兲兴. The energy delivered to the capacitor bank was W共t兲max = 0.38 J 关W共t兲max = C0U共t兲max2 / 2兴.
The corresponding pulses of current I共t兲, voltage U共t兲,
and power P共t兲 for this experiment are in Fig. 4共c兲. The
output power P共t兲 was determined as the product of the instantaneous value of the output voltage U共t兲 and the instantaneous current in the circuit, I共t兲: P共t兲 = I共t兲U共t兲. The peak
power reached P共t兲max = 43 kW.
From the voltage and current wave forms, we can determine the time to destruction of the pulse-generating system
of the FMG; it is about 75 s. Therefore, the time of operation of the FMG is five times longer than needed to charge
the capacitor bank 关 = 15.2 s in Figs. 4共b兲 and 4共c兲兴.

We have shown that it is fundamentally possible to construct a completely autonomous explosive-driven highvoltage pulsed power system based on a high-voltage transverse shock-wave ferromagnetic generator and capacitive
energy storage.
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